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We undertook a detailed analysis of the wavefront aberrations of the eyes of 20 young progressing myopes (mean age = 22 years;
mean spherical equivalent =  3.84 D, range 1.00 to 7.5 D) and twenty young age matched emmetropes (mean age = 23 years;
mean spherical equivalent =  0.00 D, range +0.25 to 0.25 D). A wavefront sensor was used to measure the ocular wavefront and
a videokeratoscope was used to measure corneal topography. The corneal wavefront was subsequently calculated and the diﬀerence
between the corneal and ocular wavefront was derived to give the internal wavefront component of the eye. Ocular and corneal
wavefronts were measured before and after a 2-h reading task. At the baseline measurements, the myopes showed greater levels
of some high order ocular wavefronts than the emmetropes. These diﬀerences between the groups became larger following 2 h of
reading. Ocular higher order wavefront RMS was (baseline RMS: myopes = 0.21 lm, emmetropes = 0.16 lm, diﬀerence p = 0.05
and after 2 h reading was RMS: myopes = 0.27 lm, emmetropes = 0.17 lm, diﬀerence p = 0.02). The diﬀerences between the groups
are primarily due to changes in the corneal wavefront associated with a narrower lid aperture during reading for the myopes. These
diﬀerences are enhanced by longer periods spent reading, larger pupils and consequently low light levels. We suggest lid induced
corneal changes caused by reading in downgaze provides a theoretical framework that could explain the known features of myopia
development. The inherited characteristics of facial and lid anatomy would provide a mechanism for a genetic component in the
genesis of myopia.
 2004 Elsevier Ltd. All rights reserved.
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The eﬀects of near work on wavefront aberrations of
the eye are not well understood. In a previous study, we
have shown that corneal wavefront coeﬃcients can
change signiﬁcantly after reading (Buehren, Collins, &
Carney, 2003a, 2003b). These eﬀects were directly attrib-
uted to forces generated by the eyelids. Since the cornea
is the most powerful refractive component of the eye, it
was of interest to examine whether corneal changes fol-
lowing reading might represent a factor in refractive0042-6989/$ - see front matter  2004 Elsevier Ltd. All rights reserved.
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E-mail address: t2.buehren@qut.edu.au (T. Buehren).error development by studying the response of diﬀerent
refractive error groups.
Ocular wavefront aberrations of the eye show large
inter-subject variability with a tendency for mirror sym-
metry between left and right eyes (Castejon-Mochon,
Lopes-Gil, Benito, & Artal, 2002; Liang & Williams,
1997; Porter, Guirao, cox, & Williams, 2001; Thibos,
Hong, Bradley, & Cheng, 2002). The aberrations in-
crease in magnitude with increasing pupil size, while
for the same pupil size, aberrations decline for progres-
sively higher Zernike orders (Castejon-Mochon et al.,
2002; Thibos et al., 2002). Studies of monochromatic
aberrations and age have shown that aberrations of
both the cornea and total eye increase with age (Calver,
Cox, & Elliott, 1999; Guirao, Redondo, & Artal, 2000;
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Marcos, & Burns, 2001).
Studies investigating the eﬀect of accommodation on
monochromatic wavefront aberrations have shown that
wavefront aberrations change with accommodation
(Atchison, Collins, Wildsoet, Christensen, & Water-
worth, 1995; Collins, Wildsoet, & Atchison, 1995;
Hazel, Cox, & Strang, 2003; He, Burns, & Marcos,
2000; Ivanoﬀ, 1956; Jenkins, 1963; Koomen, Tousey,
& Scolnik, 1949; Ninomiya et al., 2002). Spherical aber-
ration typically shifts in the negative power direction
with increasing accommodation levels. Signiﬁcant
changes in third-order aberrations and an increase in
higher order ocular wavefront RMS with accommoda-
tion have also been reported (Atchison et al., 1995; He
et al., 2000).
A number of studies have reported diﬀerences in
some components of the wavefront aberrations in
myopes compared with emmetropes (Cheng et al.,
2000; Collins et al., 1995; He et al., 2002; Marcos, Mor-
eno-Barriuso, Lorente, Navarro, & Barbero, 2000).
However there is no clear trend in the magnitude or nat-
ure of these diﬀerences. A relationship between increas-
ing refractive error and increasing aberrations has been
reported by Paquin, Hamam, and Simonet (2002), but
Cheng, Bradley, Hong, and Thibos (2003a) found no
correlation between these factors. Carkeet, Luo, Tong,
Saw, and Tan (2002) found signiﬁcant fourth-order dif-
ferences for low myopia compared with other refractive
error groups, but otherwise no general trend in the data.
It has been speculated that ocular aberrations could
be a cause for the development of myopia (Campbell
et al., 2002; Collins et al., 1995; He et al., 2002). If ocular
aberrations were to lead to abnormal eye growth, the
most likely mechanism would be through altered retinal
image characteristics. However it is also conceivable
that abnormal eye growth could result in diﬀerences in
ocular aberrations, through mechanical forces of eye
growth or through a feedback loop that alters the optics
of the cornea or crystalline lens. For example, changes in
the corneal optics of monkeys have recently been identi-
ﬁed in response to abnormal visual experience (Kee,
Hung, Qiao, & Smith, 2003), but there is no published
evidence of such a relationship in the human eye.
The eﬀects of near work on the accommodation sta-
tus of the eye have been studied extensively in the past
(Ciuﬀreda & Lee, 2002; Ciuﬀreda & Wallis, 1998; Ebe-
nholtz, 1983; Ehrlich, 1987; Vera-Diaz, Strang, & Winn,
2002; Wolﬀsohn et al., 2003). Near work induced tran-
sient myopia (NITM), one of the key ﬁndings of these
studies, is caused by a temporary myopic shift in refrac-
tive status due to accommodative hysteresis following
near work (Ehrlich, 1987; Ong & Ciuﬀreda, 1995). The
magnitude of the myopic shift has been reported to
range from 0.12 to 1.30 D (Ong & Ciuﬀreda, 1995). Ciu-
ﬀreda and Wallis (1998) showed that myopes are moresusceptible to increased near work aftereﬀects. Vera-
Diaz et al. (2002) found signiﬁcant NITM eﬀects during
the progressing phase of the myopia compared with sta-
ble myopes and emmetropes. Ciuﬀreda and Wallis
(1998) suggested that the resulting degradation in retinal
image contrast associated with NITM may be suﬃcient
to trigger compensatory blur-driven eye growth.
Reports of monocular diplopia after near work have
been linked to the optical eﬀects of corneal distortion.
The most common description is that of monocular
vertical doubling (Bowman, Smith, & Carney, 1978;
Campbell, 1998; Carney, Liubinas, & Bowman, 1981;
Ford et al., 1997; Goss & Criswell, 1992; Knoll, 1975;
Kommerell, 1993; Golnik & Eggenberger, 2001; Man-
dell, 1966). In symptomatic cases, the time course of
remission of symptoms following reading can last be-
tween 30 and 60 min after cessation of reading (Golnik
& Eggenberger, 2001; Knoll, 1975).
Some authors have reported an association between
congenital ptosis and increased presence of astigmatism,
myopia and amblyopia (Gusek-Schneider & Martus,
2000; OLeary & Millodot, 1979a, 1979b; Ugurbas &
Zilelioglu, 1999). Experimentally induced congenital
ptosis in chicks produces regional axial myopia (Lang-
ford, Linberg, Blaylock, & Chao, 1998). Changes in
refractive error after ptosis surgery have been found
in humans (Brown, Siegel, & Lisman, 1999; Cadera,
Orton, & Hakim, 1992; Holck, Dutton, & Wehrly,
1998). OLeary and Millodot (1979a, 1979b) pointed
out that in the normal reading posture the palpebral
aperture is reduced and that many races prone to myo-
pia have a narrow palpebral aperture.
The link between refractive error and ocular anoma-
lies disrupting pattern vision has led to the suggestion
that emmetropisation is a vision-dependent phenome-
non (Rabin, Van Sluyters, & Malach, 1981). Goss and
Wickham (1995) proposed that retinal image-mediated
ocular growth is a possible etiological factor in juve-
nile-onset myopia. The hypothesis is consistent with ani-
mal models based on various studies (Raviola & Wiesel,
1985; Schaeﬀel, Glasser, & Howland, 1988; Wallman,
Adams, & Trachtman, 1981). Numerous species of ani-
mals raised with defocusing lenses have been shown to
develop compensatory eye growth.
Human infant refraction data taken early in life sup-
ports the hypothesis of vision-dependent emmetropi-
sation (Atkinson, Braddick, & French, 1980; Ehrlich
et al., 1997; Howland, Atkinson, Braddick, & French,
1978; Ingram & Barr, 1979). The distribution of refrac-
tive errors at birth narrows during the ﬁrst years of life,
showing a marked peak about emmetropia.
While the inﬂuence of accommodation on wave-
front aberrations has been studied, the eﬀects of near
work on ocular wavefront aberrations have not. Corneal
wavefront aberrations have been shown to signiﬁ-
cantly change following near work in some individuals
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reading gaze (Buehren et al., 2003a, 2003b). Since the
cornea is the most powerful refractive component of
the eye, changes in corneal topography will have a
signiﬁcant eﬀect on both corneal and total ocular
aberrations.
Near work is considered a major environmental risk
factor in myopia development. We were therefore inter-
ested to examine ocular wavefront aberrations following
reading in a group of progressing myopes and a control
group of emmetropes.In this study we have investigated
corneal, total and internal aberrations before and after a
period of 2 h of reading.2. Methods
2.1. Subjects
Twenty young progressing myopic subjects and
twenty young emmetropic subjects participated in the
experiment. The subjects were recruited mostly from
optometry students at the Queensland University of
Technology. The mean age of the myopic group was
22 years ranging from 19 to 24 years. Mean spherical
equivalent was 3.84 D with a range of 1.00 D to
7.50 D of myopia. The mean cylindrical refraction
was 0.53 D (ranging from 0.00 D to 2.00 D). Five
myopic subjects had no cylindrical refraction; seven
showed with the rule astigmatism, ﬁve against-the-rule
astigmatism and three myopic subjects had oblique
refractive astigmatism (group average J0 = 0.01 D
±0.38 (SD), average J45 = 0.00 D ±0.12 (SD)). Mean
myopia progression rate was 0.73 D over the last
two years (varying from 0.50 to 1.13 D). To avoid
potential confounding eﬀects of contact lenses on cor-
neal function, subjects who were regular soft contact
lens wearers were asked not wear the lenses for at least
2 days prior to the experiment. There were no rigid
gas permeable contact lens wearers amongst the myopic
subjects.
As a control group, twenty young emmetropic stu-
dents were recruited. The mean age was 23 years ranging
from 19 to 28 years. Mean spherical equivalent was
0.00 D (range +0.25 to 0.25 D). The mean cylindrical
refraction was 0.03 D (ranging from 0.00 D to
0.50 D). Amongst the emmetropic group one subject
showed 0.50 D of oblique refractive astigmatism
(group average J0 = 0.00 D ±0.00 (SD); average
J45 = 0.013 D ±0.06 (SD)). The emmetropic group did
not show any signiﬁcant refractive error shift within
the last two years (mean change of 0.03 D varying
from 0.00 to 0.25 D).
The 40 subjects had diﬀerent ethnic backgrounds,
with 27 Caucasian subjects (myopes = 9 and emme-
tropes = 18) and 13 subjects of various Asian ethnicities(myopes = 11 and emmetropes = 2) participating in the
experiment. For all subjects the left eye was used for
measurements. The subjects had no history of signiﬁcant
corneal or ocular pathology and achieved 0 logMAR, or
better, corrected visual acuity. The experiment was al-
ways conducted in the morning between 9.00 am and
12.00 pm. All subjects were given the instruction not
to perform any signiﬁcant near tasks prior to the exper-
iment. Two consecutive sessions of 1 h reading (i.e. total
of 2 h of reading) were performed in the study. During a
brief (<1 min) initial reading period, each subjects indi-
vidual reading distance was measured with a ruler. The
subjects were informed that the reading trials were to
simulate a real life situation and therefore they were
encouraged to adapt a normal (individual) reading pos-
ture. All subjects wore a current spectacle correction
during the reading task and subsequent measurements.
All procedures adhered to the tenets of the declaration
of Helsinki and were approved by the Queensland Uni-
versity of Technology, Human Research Ethics
Committee.
2.2. Data collection procedure
The COAS wavefront sensor (WaveFront Sciences,
Inc.) and the Keratron videokeratoscope (EyeQuip
Division, Alliance Medical Marketing) were used for
ocular wavefront measurements and corneal topography
measurements respectively. The COAS and the Kera-
tron have been shown to have high accuracy and preci-
sion performance for model eyes and inanimate test
objects respectively (Cheng, Himebaugh, Kollbaum,
Thibos, & Bradley, 2003b; Tang, Collins, Carney, &
Davis, 2000; Tripoli, Cohen, Holmgren, & Coggins,
1995). Using a beam splitter, the COAS wavefront sen-
sor was modiﬁed to present an external ﬁxation target
(Baily–Lovie chart) at 5.5 m distance, while the normal
ﬁxation target inside the wavefront sensor was switched
oﬀ. The beam splitter could be adjusted to enable the
alignment of a letter in the centre of the chart (0.4 log-
MAR) with the red ﬁxation spot (measurement axis) of
the instrument. Subjects with refractive errors wore their
spectacle corrections during wavefront sensor measure-
ments. Throughout the wavefront measurements the
subjects were instructed not to blink and to maintain
the letter chart in sharp focus. For both the myopic
and emmetropic groups, 6 · 25 frames (i.e. 150 measure-
ments) of baseline ocular wavefront measurements were
taken. Each set of 25 measurements takes about 2.5 s to
collect. Following each set of 25 wavefront measure-
ments, the subject was asked to blink and open the eye
wide before the next set of 25 measurements were taken.
A further 150 measurements of ocular wavefront
aberrations were taken at each individuals reading
distance using a near target that was viewed through
the beam splitter. The near target was a slide ﬁlm of
Fig. 1. The data collection procedure of pre-reading measurement,
measurements post-1 h of reading a novel and measurements post-2 h
of reading a novel are presented in a ﬂow chart diagram.
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ment of the near target with the red ﬁxation spot of
the wavefront sensor was achieved by adjusting the an-
gle of the beam splitter. Diﬀerent letter sizes were used in
the near target to match the visual angle of the distant
target.
The Keratron videokeratoscope was modiﬁed so that
the topography of the anterior corneal surface could be
measured while accommodation demand was varied.
The modiﬁcation allowed the accommodation stimulus
to be induced coaxially with the instruments measure-
ment axis. Details of the modiﬁcation have been pre-
sented previously (Buehren, Collins, Loughridge,
Carney, & Iskander, 2003). Six videokeratographs were
acquired with the ﬁxation target at 0.20 D (i.e. 1/
5.5 m) of accommodation demand (individual refractive
errors were taken into account). Subsequently the ﬁxa-
tion target of the Keratron videokeratoscope was posi-
tioned at an accommodation demand that coincided
with the individual subjects reading distance and a sec-
ond set of six ‘‘baseline near’’ corneal topography mea-
surements were acquired.
Between the ﬁrst and second hour of the subjects
reading task, a short break was allowed for data collec-
tion. Two operators were used to rapidly acquire cor-
neal topography data and ocular wavefront data. At
this time (post-1 h), data was collected for the distant
viewing conditions only. The subjects were seated in be-
tween the COAS and the Keratron instruments. Mea-
surements with the two instruments were taken
alternately, until 6 videokeratographs and 150 (6 · 25
readings) ocular wavefront measurements were cap-
tured. In this way, no signiﬁcant time delay occurred be-
tween corneal topography measurements and ocular
wavefront measurements after reading. The data collec-
tion procedure took approximately 3 min.
Subjects then immediately continued with the second
hour of reading. After the second hour of reading, the
same data collection procedure for the distant targets
was repeated with the videokeratoscope and wavefront
sensor. Thereafter, measurements of ocular wavefront
data at the subjects individual reading distance was cap-
tured using the reading distance ﬁxation target. A ﬂow
chart of the data collection procedure is presented in
Fig. 1.
2.3. Lid aperture analysis
Digital photography was used to document the exter-
nal ocular features of the eyes in reading gaze posture,
and also with the subject positioned in a headrest with
the eyes in primary gaze focusing on a 5-m distant ﬁxa-
tion point. For subsequent analysis, a calibration scale
was placed within the frame of the images taken in the
headrest with the eyes in primary gaze. The subjects were
informed that at some stage during the reading protocol,a photo of the left eye would be taken. The subjects were
instructed, when approached, not to change their reading
posture as a consequence of the photography.
A software program for digital image processing
measurement was used for analysis of the external eye
images (Morelande, Iskander, Collins, & Franklin,
2002). Utilising several customised image-processing
techniques the software allowed automatic analysis of
the pupil, limbus, and palpebral ﬁssure parameters.
After acquisition of eye biometrics from the photo-
graphs taken in the headrest with eyes in primary gaze,
the horizontal limbus diameter was used as a reference
for calibration and subsequent analysis of the digital
photographs taken with the eye in reading gaze posture.
2.4. Corneal topography analysis
Corneal instantaneous power, refractive power and
height data were exported from the videokeratoscope
for analysis. For the instantaneous power and refractive
power maps, the six corneal measurements taken from
each subject for each of the pre- and post-reading condi-
tions were averaged. Diﬀerence maps were then calcu-
lated comparing the pre-reading average maps with the
averages for maps taken post-1 h and post-2 h of read-
ing. The change in refractive power diﬀerence maps
was compared as a function of refractive error group.
The best-ﬁt corneal sphero-cylinder was calculated
from the averaged refractive power maps for a 4 mm
pupil size for each subject and each condition. The
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signiﬁcance of overall change in corneal sphero-cylinder
between the baseline far and baseline reading distance
conditions. This analysis was performed to test whether
there was signiﬁcant cyclotorsion of the cornea between
the distance and near reading conditions (Buehren
et al., 2003).
2.5. Wavefront aberration analysis
The corneal wavefront was calculated from the aver-
age corneal height maps before and after the reading
tasks for ﬁxed 3, 4, and 5 mm entrance pupil sizes using
the same methods as previously described (Buehren
et al., 2003a). Zernike terms up to the sixth radial order
(OSA convention) were ﬁtted to the corneal wavefront.
To accurately determine a corneal analysis region (i.e.
entrance pupil size) of 3, 4 and 5 mm from the videoker-
atoscope raw data, a two-dimensional interpolation was
performed along each of the 256 meridians of the cor-
neal raw height data to allow entrance pupil size selec-
tion with an accuracy of 0.1 mm. The corneal
wavefront was calculated at the position of the image
plane at which the sum of squares of the transversal
ray intersections is minimum (i.e. at the circle of least
confusion). For the two post-reading conditions, the
corneal wavefront was calculated at the circle of least
confusion determined for the baseline (pre-reading) con-
dition in order to highlight potential changes in corneal
defocus (i.e. a steepening or ﬂattening of the cornea).
Ocular wavefront Zernike polynomial coeﬃcients
(OSA convention) for a ﬁxed 3, 4, and 5 mm entrance
pupil size were exported from the wavefront sensor.
For each entrance pupil size and viewing condition
(i.e. 5.5 m and reading distance), each set of 150 mea-
surements taken before and after the reading task was
averaged. The lower order Zernike wavefront coeﬃ-
cients were used to calculate each individuals ocular
sphero-cylinder power as well as J0 and J45 power vector
components before and after the reading tasks.
To investigate the contribution of internal wavefront
aberrations to the overall ocular wavefront, corneal
wavefront coeﬃcients were subtracted from the equiva-
lent ocular wavefront coeﬃcients to calculate the internal
wavefront. Accuracy of both the corneal and ocular
wavefront aberration measurement (videokeratoscope
and wavefront sensor respectively) is crucial for such an
analysis. To test the agreement between the wavefronts
derived from the videokeratoscope and the wavefront
sensor, the changes in both corneal wavefront and total
wavefront aberrations following reading were compared.
2.6. Wavefront RMS analysis
To investigate overall changes in wavefront aberra-
tions as function of refractive error group, the groupmean ocular and corneal higher order wavefront RMS
was calculated for the pre- and post-reading conditions
and compared. This was performed for the 3, 4, and
5 mm entrance pupil sizes. The magnitude of change
of various ocular wavefront RMS components
(total wavefront RMS change, higher order wave-
front RMS change, third-order, fourth-order, ﬁfth-
order, and sixth-order wavefront RMS change) was
calculated and compared as a function of refractive
error group.
2.7. Statistical analysis
For both emmetropic and myopic groups a repeated
measure analysis of variance (ANOVA) was performed
to test the signiﬁcance of change in lower and higher
order Zernike wavefront components after the 1-h and
2-h reading trials. Bonferronis multiple comparison
tests between the pre-reading and the two post-reading
conditions were performed.3. Results
The magnitude of near work induced ocular aberra-
tion changes was signiﬁcantly larger in the myopic
group compared to the emmetropic group. The myo-
pes showed increased higher order wavefront aberra-
tions after reading, which were primarily of corneal
origin. The changes appear to be associated with a smal-
ler palpebral aperture during reading in the myopic
group.
3.1. Agreement between instruments
The combined data of both refractive groups showed
a high correlation (R2 = 0.87) between the changes in
corneal higher order aberrations (derived from the
videokeratoscope) and total higher order aberration
changes (measured with the wavefront sensor). The
group mean changes (myopes and emmetropes com-
bined) in ocular and corneal wavefronts after 2 h of
reading are shown in Fig. 2. While there is a small diﬀer-
ence in the defocus component between total ocular
aberration changes (top/left panel) and corneal aber-
ration changes (bottom/left panel), the qualitative
and quantitative group mean change of the higher
order aberration components is very similar. The ocular
higher order RMS change was 0.0962 lm, while the
corneal higher order RMS change was 0.0948 lm
(RMS value is calculated from the average wavefront
diﬀerence map; top/bottom right panel). Thus there
was a high level of agreement between the change in
wavefront (baseline compared with post reading) mea-
sured with both the videokeratoscope and wavefront
sensor.
Fig. 2. Top: Ocular wavefront change (top left) and ocular higher
order wavefront change (top right) in microns of myopes and
emmetropes combined for a 5 mm pupil zone. Bottom: Corneal
wavefront change (bottom left) and corneal higher order wavefront
change of myopes and emmetropes combined (bottom right) for a
5 mm pupil zone.
Fig. 3. Baseline instantaneous power map of myopic subject M16 (top
left) and emmetropic subject E06 (top right) for a 6 mm pupil zone are
shown. Centre/bottom: Post 1-h and post-2 h reading instantaneous
power maps of myopic subject M16 (centre left and lower left) and
emmetropic subject E06 (centre right and lower right) respectively.
Note that maps for each subject have a diﬀerent dioptric scale.
Fig. 4. Top/bottom left: Refractive power diﬀerence map for a 6 mm
pupil zone of myopic subject M16 after 1 h (top left) and 2 h (bottom
left) of reading respectively. Top/bottom right: Refractive power
diﬀerence map for a 6 mm pupil zone of emmetropic subject E06 after
1 h (top right) and 2 h (bottom right) of reading respectively. Note that
maps for each subject have a diﬀerent dioptric scale.
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The corneal instantaneous power maps for a repre-
sentative myopic subject (subject M16, Fig. 3 left panel)
and a representative emmetropic subject (subject
E06, Fig. 3 right panel) are presented for a 6 mm en-
trance pupil zone. After one and two hours of reading
(Fig. 3 centre/bottom panel) the corneas become increas-
ingly asymmetrical due to distortions in the upper cor-
neal region. For the myopic subject distortions in the
upper semi-meridian toward the 12 oclock position
are larger and located closer to the centre of the map
compared with the emmetropic subject. This is also
shown by the change in corneal astigmatism, which
changed by more than half a dioptre following 2 h of
reading in the myopic subject (sphero-cylinder is calcu-
lated for a 5 mm entrance pupil zone). No signiﬁcant
astigmatic changes can be seen in the emmetropic sub-
ject data.
The refractive power diﬀerence maps following one
and two hours of reading show the optical eﬀects of
the topographical changes for the same myopic and
emmetropic subjects (Fig. 4). Topographical changes
of the same magnitude that occur closer to the centre
of the pupil have a larger impact on refractive power
changes than topographical changes that occur furtheraway from the pupil centre. In the myopic subject, fol-
lowing 1 h and 2 h of reading, this has led to larger opti-
Fig. 5. Ocular biometrics data in reading gaze position using
automatic image measurement techniques. As a representative example
we show the myopic subject M16 (left) and the emmetropic subject E06
(right). The information derived from the digital photographs is pupil
diameter, limbus diameter, aperture up (distance from pupil centre to
upper lid margin), aperture down (distance from pupil centre to lower
lid margin) and total aperture.
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ing a maximum refractive power shift of 2.25 D and
2.74 D respectively in this region (Fig. 4 left panel).
In comparison, the emmetropic subject shows a maxi-
mum refractive power shift of 0.75 D for both post-
reading conditions, which occurs at the edge of a
6 mm entrance pupil zone (Fig. 4 right panel).
In the myopic group, following 2 h of reading, optical
eﬀects in the upper semi-meridian showed a group mean
maximum refractive power shift of 1.03 D ±0.71,
which was signiﬁcantly larger than the maximum
group mean refractive power shift of the emmetropic
group 0.60 D ±0.44 (p = 0.03). Within a 5 mm en-
trance pupil zone almost all subjects showed some
changes in the corneal instantaneous power topography
after two hours of reading. The exceptions were two
emmetropic subjects who showed virtually no changes
in topography after two hours of reading in the central
corneal (<5 mm) region. These emmetropic subjects also
showed the largest palpebral aperture in the reading
gaze position (subject E06 = 12.6 mm and subject
E11 = 10.3 mm) and this provides a likely explanation
for the lack of central (<5 mm) corneal topography
changes.
3.3. Lid aperture analysis results
Analysis of the digital images revealed a signiﬁcantly
smaller palpebral aperture for the myopic group in the
reading gaze position (myopic group = 7.12 mm ±1.00;
emmetropic group = 8.09 mm ±1.56; p = 0.03) but not
in primary gaze position (myopic group = 10.13 mm
±1.23; emmetropic group = 10.64 mm ±1.21; p = 0.19).
Also the distance from the upper lid margin to the pupil
centre in the myopic group was signiﬁcantly smaller in
reading gaze position (myopic group = 2.44 mm ±0.84;
emmetropic group = 3.31 mm ±1.17; p = 0.01) but not
in primary gaze position (myopic group = 4.08 mm
±0.72; emmetropic group = 4.23 mm ±0.97; p = 0.16).
No statistically signiﬁcant diﬀerence was found for the
distance from the lower lid margin to the pupil centre
in either primary gaze position (myopic group =Table 1
Digital image analysis (group mean data)
Primary gaze P-val
Emmetropes Myopes
Pupil ø 4.46 mm ±0.89 4.22 mm ±0.76 P = 0
Limbus ø 12.06 mm ±0.52 12.05 mm ±0.42 P = 0
Aperture up 4.23 mm ±0.97 4.08 mm ±0.72 P = 0
Aperture down 6.41 mm ±0.67 6.28 mm ±0.70 P = 0
Total aperture 10.64 mm ±1.21 10.13 mm ±1.23 P = 0
Summary of ocular biometrics data in reading gaze position using automat
digital photographs is pupil diameter, limbus diameter, aperture up (distance
pupil centre to lower lid margin) and total aperture. *P < 0.05.6.28 mm ±0.70; emmetropic group = 6.41 mm ±0.67;
p = 0.55) or in the reading gaze position (myopic
group = 4.68 mm ±0.51; emmetropic group = 4.78 mm
±0.97; p = 0.68). The palpebral aperture results, pupil
sizes and limbus diameters are summarized in Table 1.
Examples of reading gaze ocular biometrics for the
emmetropic subject E06 and the myopic subject M16
are shown in Fig. 5.
Because the refractive error groups included Cauca-
sians and Asians, diﬀerences in ethnicity in this study
could have confounded the lid aperture results. This is
especially so since there was a larger number of subjects
with Asian ethnicities amongst the myopic group com-
pared with the emmetropic group. However, when we
compared palpebral apertures of Caucasian emmetropes
with Caucasian myopes (excluding all Asian subjects re-
sults), we still found a signiﬁcant diﬀerence in the read-
ing gaze position between myopes and emmetropes
(Caucasian myopes = 6.93 mm versus Caucasian emme-
tropes = 8.11 mm, p = 0.03). Furthermore a comparison
of palpebral apertures between the 27 Caucasian and 13
Asian subjects revealed no signiﬁcant diﬀerence in pri-
mary gaze position (Caucasians = 10.37 mm versus
Asians = 10.41 mm, p = 0.93).ue Reading gaze P-value
Emmetropes Myopes
.36 4.09 mm ±0.62 4.10 mm ±0.89 P = 0.96
.95 See primary gaze See primary gaze
.16 3.31 mm ±1.17 2.44 mm ±0.84 P = 0.01*
.55 4.78 mm ±0.97 4.68 mm ±0.51 P = 0.68
.19 8.09 mm ±1.56 7.12 mm ±1.00 P = 0.03*
ic image measurement techniques. The information derived from the
from pupil centre to upper lid margin), aperture down (distance from
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3.4.1. Far distance results
Analysis of corneal and ocular wavefronts showed a
number of signiﬁcantly changed Zernike coeﬃcients
for both groups after one and two hours of reading.
For the emmetropic group and the myopic group the
change in corneal, ocular and internal wavefront coeﬃ-
cients after 1 h and 2 h of reading, along with the
ANOVA and Bonferroni results (for a 5 mm pupil) are
shown in Table 2. The changes of corneal and ocular
aberrations in primary vertical coma and trefoil along
30 are consistent with previously reported results of
corneal aberrations following reading (Buehren et al.,
2003a, 2003b). There is little change in internal aberra-
tions for these two coeﬃcients indicating that the change
in ocular wavefront aberrations is primarily of corneal
origin. Also the change of the primary astigmatism com-
ponent in the direction of against-the-rule astigmatism
shown by the myopic group, is the same as that previ-
ously reported for corneal aberrations after reading
(Buehren et al., 2003a, 2003b). However there was no
signiﬁcant change of the primary astigmatism term for
the emmetropic group. While some ﬁfth and sixth-order
terms changed signiﬁcantly after reading, the magnitude
of change was relatively small compared with the sec-
ond, third and fourth-order changes and therefore we
have not included the data in Table 2.
Near work induced eﬀects on defocus (i.e. NITM)
after two hours of reading were larger in the myopicTable 2
Ocular wavefront summary
Z22 Z
0
2 Z
2
2 Z
3
3 Z
1
3
Myopic group
Ocular post-1 h 0.003 0.046 0.067 0.06* 0.049
Ocular post-2 h 0.010 0.075 0.073* 0.088** 0.088
ANOVA (p-value) 0.78 0.11 0.04 <0.001 0.002
Corneal post-1 h 0.009 0.010 0.059* 0.045 0.058*
Corneal post-2 hr 0.005 0.004 0.087** 0.074* 0.078**
ANOVA (p-value) 0.75 0.94 0.002 0.003 <0.001
Internal post-1 h 0.012 0.057 0.008 0.015 0.010
Internal post-2 h 0.015 0.079* 0.014 0.014 0.01
ANOVA (p-value) 0.55 0.05 0.71 0.14 0.26
Emmetropic group
Ocular post-1 h <0.000 0.049 0.010 0.025* 0.035*
Ocular post-2 h <0.000 0.051* 0.002 0.034* 0.050**
ANOVA (p-value) 0.99 0.03 0.70 0.002 <0.001
Corneal post-1 h 0.011 0.002 0.009 0.036* 0.037**
Corneal post-2 h 0.008 0.047 0.024 0.050** 0.055**
ANOVA (p-value) 0.36 0.24 0.22 <0.001 <0.001
Internal post-1 h 0.011 0.052 0.019 0.011 0.002
Internal post-2 h 0.008 0.004 0.022 0.016* 0.005
ANOVA (p-value) 0.44 0.19 0.08 0.05 0.82
Group mean change in Zernike coeﬃcients following 1 h and 2 h of reading
The 5 mm pupil data for the emmetropic and myopic groups is shown for the
wavefront coeﬃcients in microns (OSA convention). The change in corneal
ANOVA and Bonferroni results within the groups.
Bonferronis multiple comparison test: *p < 0.05, **p < 0.001.group compared with the emmetropic group. For the
4 mm pupil size following two hours of reading, the ocu-
lar defocus shift for emmetropes and myopes was
0.06 D (p = 0.06) and 0.13 D (p = 0.03) respectively
(D values are corrections). These values are calculated
based on the mean of 150 wavefront sensor measure-
ments taken within 3 min post reading. When we cal-
culated the ocular defocus shift based only on the ﬁrst
10 wavefront sensor measurements (i.e. the time span
it took to capture 2 videokeratographs and the ﬁrst set
of wavefront sensor measurements was 30 s), defocus
after-eﬀects showed 0.09 D (p = 0.01) and 0.18 D
(p = 0.01) of myopic defocus shift for emmetropes and
myopes respectively.
3.4.2. Reading distance results
The average reading distance for the emmetropes was
41.5 cm ±8.0, while the myopes showed a mean reading
distance of 35.0 cm ±7.5. The eﬀect of accommodation
(i.e. the change from 5.5 m distance to the individual
reading distance) on the pre-reading corneal sphero-cyl-
inder for both groups (combined) revealed small and not
statistically signiﬁcant cyclotorsion of the eyes. The
Hotelling T2 test showed a 1.2 group mean excyclotor-
sion (p = 0.92) with accommodation. Therefore cyclo-
torsional variations were not considered to be a major
factor in potentially confounding the analysis of wave-
front aberration changes with accommodation.
The eﬀect of accommodation on the pre-reading ocu-
lar wavefront showed changes in several of the wave-Z13 Z
3
3 Z
4
4 Z
2
4 Z
0
4 Z
2
4 Z
4
4
0.018* 0.004 0.005 0.002 0.001 0.014 0.001
0.016 0.003 0.008 0.003 0.002 0.018 0.001
0.02 0.86 0.11 0.69 0.97 0.13 0.98
0.007 0.003 0.001 0.003 0.001 0.007 0.002
0.018* 0.002 0.013 0.008 0.003 0.008 0.003
0.01 0.89 0.09 0.10 0.87 0.50 0.91
0.010 0.001 0.004 0.001 0.001 0.007 0.000
0.002 0.001 0.004 0.005 0.004 0.010 0.002
0.29 0.98 0.29 0.48 0.77 0.39 0.96
0.002 0.010* 0.001 0.001 .003 0.015* 0.008
0.001 0.011* 0.002 0.002 <0.000 0.018* 0.011
0.76 0.01 0.82 0.65 0.74 0.005 0.08
0.012 0.015 0.004 0.001 0.011* 0.014* 0.013*
0.014* 0.015* 0.005 <0.000 0.006 0.017* 0.011
0.04 0.04 0.28 0.89 0.07 0.001 0.03
0.013* 0.005 0.003 <0.000 0.008 <0.000 0.004
0.013* 0.004 0.007 0.002 0.006 0.001 <0.000
0.03 0.74 0.24 0.72 0.30 0.96 0.53
for a 5 mm entrance pupil.
baseline and the two post-reading corneal, ocular and internal Zernike
Zernike wavefront coeﬃcients after reading are shown along with the
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combined, the classical shift towards negative spherical
aberration was found (shift was 0.30 D; p < 0.001; at
4 mm pupil) with accommodation. Furthermore there
were signiﬁcant changes in both horizontal and vertical
primary coma components as well as small changes in
some ﬁfth and sixth-order terms (Fig. 6). The eﬀect of
accommodation on the total wavefront (without defo-
cus) was relatively small compared to the changes asso-
ciated with lid forces following reading, with the
exception of astigmatism in 45, spherical aberration
and horizontal coma changes (Fig. 6).
3.5. Corneal versus Internal aberrations pre-reading
The combined (myopes and emmetropes) group
mean pre-reading wavefronts for various Zernike com-
ponents showed smaller ocular wavefront RMS and
astigmatism than the equivalent corneal wavefront
RMS and astigmatism, indicating a partial compensa-
tion of the corneal wavefront aberrations by the internal
wavefront of the eye. The mean refractive cylinder of the
combined group was 0.12 · 31 (J0 = 0.03 D ±0.33,
J45 = 0.05 D ±0.19), while the mean corneal cylinder
was 0.69 · 9 (J0 = 0.33 D ±0.38, J45 = 0.11 D ±0.19).
The diﬀerence between ocular and corneal cylinder rep-Fig. 6. The group mean change of ocular wavefront aberrations induced by
(±SD) for a 5 mm pupil size (myopic and emmetropic groups combined). The
to lid forces. The accommodation induced changes are related to the crystalli
order polynomial expansion are presented. Piston, the prism and defocus coresents an internal astigmatism of 0.61 · 95 of against-
the rule astigmatism. Mean ocular higher order RMS
(spherical aberration included) was 0.18 lm ±0.08 com-
pared with a group mean corneal higher order RMS of
0.23 lm ±0.08 and a group mean internal higher order
RMS of 0.07 lm ±0.06. When spherical aberration
was excluded the ocular and corneal wavefront RMS
were 0.17 lm ±0.08 and 0.19 lm ±0.09 respectively,
while the internal wavefront RMS showed 0.06 lm
±0.05 (all Zernike components correspond to a 5 mm
entrance pupil size). These results indicate a partial com-
pensation of corneal aberrations by the internal aberra-
tions of the eye.
3.6. Wavefront RMS analysis results
The pre-reading ocular wavefront RMS of the two
refractive groups showed signiﬁcantly higher fourth-
order, ﬁfth-order and sixth-order RMS components
for the larger pupil sizes for the myopes. The RMS com-
ponents for the 5 mm pupil size were fourth-order:
myopes = 0.098 lm, emmetropes = 0.071 lm (p = 0.01);
ﬁfth-order: myopes = 0.034 lm, emmetropes = 0.025 lm
(p = 0.03); sixth-order: myopes = 0.025 lm, emme-
tropes = 0.017 lm (p = 0.01) respectively. For the
4 mm pupil size the fourth-order RMS was:accommodation (grey bars) and induced by 2-h of reading (white bars)
reading induced changes are primarily corneal in origin and are related
ne lens. Zernike terms according to OSA convention of up to the sixth-
eﬃcients are excluded.
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while the total higher order RMS was: myo-
pes = 0.12 lm, emmetropes = 0.088 lm (p = 0.04). No
signiﬁcantly larger RMS components were found in
the myopic group for the 3 mm pupil size.
The ocular higher order RMS increased with longer
reading periods and larger pupils within both groups
(Fig. 7). For the 5 mm pupil size, the higher order wave-
front RMS value shows a larger increase in the myopic
group, reaching statistically signiﬁcant diﬀerences com-
pared with the emmetropic group for both the 1 and
2 h reading tasks. For the 4 mm pupil size the diﬀerences
are signiﬁcant only at the baseline condition and follow-
ing 1 h of reading, while for the 3 mm pupil size no
signiﬁcant diﬀerences were found (Fig. 7). When com-
paring higher order RMS of Caucasian emmetropes
with Caucasian myopes (excluding Asian subjects re-
sults), again a larger RMS was found in the myopic
group (post-2 h RMS: Caucasian myopes = 0.27 lm,
Caucasian emmetropes = 0.16 lm, p = 0.01). A compar-
ison between Caucasian myopes and Asian myopes re-
vealed no signiﬁcant diﬀerence in higher order RMS
(post-2 h RMS: Caucasian myopes = 0.27 lm, Asian
myopes = 0.28 lm, p = 0.84).
The group mean higher order RMS for the myopes
showed a greater increase than the emmetropic group
after 2 h reading, but not all subjects showed an increaseFig. 7. Higher order corneal wavefront RMS (±SD) before and after 1-h an
for 3, 4, and 5 mm entrance pupil sizes are shown.in higher order RMS following reading. In fact, for the
5 mm pupil size, 16 out of the 40 subjects (ten emme-
tropes and six myopes) showed a smaller ocular RMS
value after reading. Seven out of those 16 subjects also
showed a smaller corneal RMS, while eight showed an
increased corneal RMS. One subjects ocular RMS in-
creased while the corneal RMS decreased following
reading.
The change in various ocular wavefront RMS compo-
nents after two hours of reading is shown in Fig. 8. For
all three entrance pupil sizes analysed (3, 4 and 5 mm),
the change in total wavefront RMS was signiﬁcantly lar-
ger in the myopic group compared with the emmetropic
group. This diﬀerence reﬂects the change in both corneal
and internal wavefront aberrations. For the 5 mm and
4 mm pupil size there was a signiﬁcant diﬀerence in the
fourth-order components between the myopic and
emmetropic group (p = 0.01 at 5 mm and p = 0.04 at
4 mm). The ﬁfth and sixth-order terms within the 5 mm
and 4 mm pupils also showed borderline signiﬁcance of
diﬀerence between refractive error groups.4. Discussion
Near work induced ocular aberrations of corneal ori-
gin were signiﬁcantly larger in the myopic group com-d 2-h of reading for myopic group and emmetropic group. The change
Fig. 8. Group mean change (±SD) in wavefront root mean square error (RMS) after 2 h of reading (piston and prism terms removed) for myopes
and emmetropes for three diﬀerent entrance pupil sizes (3, 4, and 5 mm). Ocular wavefront RMS is presented as total RMS, higher order RMS, third-
order, fourth-order, ﬁfth-order, and sixth-order RMS components along with the relevant signiﬁcance values for the t-test comparison between the
change in value for the myopic versus emmetropic groups.
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corneal topography analysis, the various wavefront Zer-
nike coeﬃcients and the wavefront RMS analysis. The
diﬀerence in lid aperture during reading is the likely
explanation for the diﬀerences found between refractive
groups. The myopes also showed increased near work
induced myopic shifts (NITM) in the total wavefront
compared with the emmetropes.
The major changes in wavefront aberrations follow-
ing reading in the myopic group were signiﬁcant changes
of trefoil (along 30) and primary vertical coma, as well
as a small against-the-rule astigmatic shift. These ocular
wavefront changes were primarily of corneal origin. The
emmetropic group showed similar but smaller changes
for primary vertical coma and trefoil (along 30), but
no signiﬁcant change in astigmatism as shown by the
myopes.
The data collected at baseline prior to reading can be
compared with previous studies of ocular aberrations
and myopia. Like a number of these studies (Cheng
et al., 2000; Collins et al., 1995; He et al., 2002; Marcos
et al., 2000; Paquin et al., 2002), we found that myopes
had greater levels of higher order RMS at larger pupil
sizes. But as noted by (Buehren et al., 2003a), the prior
visual tasks (e.g. reading) of subjects can potentially
confound comparisons of corneal or ocular aberrationsbetween groups of subjects. We chose to conduct our
experiment early in the morning to minimise this eﬀect.
The diﬀerences in wavefront changes between the
emmetropes and myopes are likely to be caused by a
narrower palpebral aperture during reading for the
myopes compared with the emmetropes. However the
link between palpebral aperture and myopia could be
confounded if variation in ethnicity were responsible
for the diﬀerence in palpebral aperture. For example a
smaller palpebral aperture in the myopic group could
be simply due to diﬀerences in ethnicity between myopes
and emmetropes. While our subject groups included 13
Asians and 27 Caucasians, the Asian subjects of this
study showed a similar palpebral aperture in primary
gaze position compared with our Caucasian subjects.
Although Chinese Asians generally show smaller palpe-
bral apertures compared with Caucasians (Lam &
Loran, 1991), the similarity in this study could be attrib-
uted to the relatively small number of subjects tested
and diﬀerences in ethnicity amongst our Asian subjects
(Chinese, Malay, Thai, Japanese). We also found a sig-
niﬁcantly narrower palpebral aperture during reading
for the Caucasian myopes compared with the Caucasian
emmetropes and therefore the eﬀect of ethnicity should
not have confounded the results of this study. However
it should be noted that the reported narrow palpebral
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mechanism to explain the high rates of myopia in these
populations (Buehren et al., 2003a; OLeary & Millodot,
1979a, 1979b). This naturally reduced aperture during
reading would be expected to lead to greater corneal
changes during and following reading.
By measuring aberrations at both one and two hours
after reading, we were able to assess the eﬀect of length
of reading on aberration changes. For both groups of
subjects the time spent reading increased the magnitude
of higher order aberrations changes, while the group
mean ocular higher order RMS for the myopic group in-
creased more rapidly compared with the emmetropic
group. Collins, Kloevekorn-Norgall, Voetz, and Bueh-
ren (submitted for publication) have reported that fol-
lowing two hours of reading, lid induced changes in
corneal topography show rapid recovery in the ﬁrst
10–15 min, followed by a slower phase of recovery
extending up to 2 h before complete recovery. We can
therefore conclude that persons who read for extended
periods will experience changes in their ocular aberra-
tions during reading, which increase in magnitude as
the amount of reading increases and that decay rela-
tively slowly after reading.
The optical eﬀects during reading with the eyelids in
reading gaze posture are likely to be larger, taking into
account that lid related distortions of the cornea change
within seconds during the post-blink interval (Buehren,
Collins, Iskander, Davis, & Lingelbach, 2001). After
reading, the wavefront data showed a decrease in
changes within the short time frame it took to capture
the data (3 min). Other factors, such as the tear menis-
cus at the lid margin might also contribute to changes in
optical characteristics during reading. In order to cap-
ture the full magnitude of the optical changes of eyes
during reading it would be necessary to measure the
eyes corneal and total wavefront aberrations with the
eye in the reading gaze position. However the interfer-
ence caused by the eyelashes makes this diﬃcult.
The issue of grouping subject groups as emmetropic
and progressing myopes in this study is not straightfor-
ward. If changes in topography associated with lid
forces during reading promote myopia progression, then
the amount of time-spent reading is an important factor
inﬂuencing myopia progression. It is conceivable that a
subject classiﬁed as emmetropic could have signiﬁcant
corneal changes associated with lid forces following
reading. Yet if this subject performs little habitual read-
ing, then there would be no stimulus for myopia pro-
gression. On the other hand, a subject with lesser lid
force, who reads often, could become a progressing
myope. Therefore the possible inﬂuence of lid force dur-
ing reading on myopia progression cannot be considered
in isolation from the amount of time-spent reading. Sim-
ilarly the size of the pupil plays an important role in
determining the magnitude of higher order aberrations.Therefore subjects with naturally larger pupils or those
reading under low light conditions are likely to be more
susceptible to these optical changes.
We took near distance ocular wavefront measure-
ments at each subjects individual reading distance to
provide an accurate assessment of the individuals
refractive status during reading. But this approach does
not allow us to perform a detailed analysis of accommo-
dation behaviour or to compare accommodation char-
acteristics as a function of refractive error group since
the myopes had a slightly shorter reading distance com-
pared to the emmetropes.
Accommodation induced higher order RMS change
for myopes and emmetropes combined (spherical aber-
ration excluded) was 0.005 lm compared with near
work induced (i.e. primarily lid induced changes in cor-
neal wavefront) higher order RMS changes of 0.023 lm
(myopes and emmetropes combined) at a 4 mm pupil
size. The results of 2 h reading on ocular higher order
wavefront aberration changes acquired at individual
reading distances were very similar to those found for
the 5.5 m distance condition. In order to estimate the
change in ocular wavefront between pre-reading dis-
tance viewing condition and post-2 h reading near view-
ing condition the changes of both, accommodation
induced and reading induced changes would have to
be considered together.
The defocus changes we measured following reading
were primarily due to changes in the internal wavefront
(accommodation) and not the corneal wavefront. The
magnitude of defocus changes (NITM) found in this
study, were at the lower end of the range of results that
have been reported previously (Ong & Ciuﬀreda, 1995).
Due to our protocol requirements to quickly collect cor-
neal topography readings immediately after reading, the
wavefront sensor measures of defocus change were col-
lected between 30 s and 3 min post reading. It is
known that NITM eﬀects decay quickly following read-
ing, so this could explain our low NITM values. As
noted by previous authors (Ciuﬀreda & Lee, 2002; Ciu-
ﬀreda & Wallis, 1998; Vera-Diaz et al., 2002), we found
that myopes had greater defocus changes following
reading than emmetropes. We assume that these defocus
changes could arise through accommodative hysteresis
(the commonly held theory) or by an accommodative re-
sponse to the changes in the corneal and ocular wave-
front associated with lid forces during reading.
If changes in higher order aberrations during reading
play a role in myopia development, the most obvious
mechanism for producing eye growth is an alteration
in the retinal image. Increased levels of higher order
aberrations will create retinal blur, but are they of suﬃ-
cient magnitude to be detected? The changes in ocular
wavefront associated with reading that we found in this
study are large enough to cause a perceptible change in
image quality (eg. regional refractive power changes up
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depending on the subjects pupil size, could also lead to
slight losses of high contrast acuity (Applegate, Ballen-
tine, Gross, Sarver, & Sarver, 2003). The change in ret-
inal image quality due to higher order aberrations could
be detected as higher levels of blur. This in turn could
contribute to myopia development as proposed by theo-
ries that do require blur in the retinal image (Bartmann
& Schaeﬀel, 1994; Flitcroft, 1998) or could inﬂuence the
genetically pre-programmed normal ocular growth rate
of the eye (Hung & Ciuﬀreda, 2000). On the other hand
myopia development could be triggered by changes in
the retinal image that contain directional cues to eye
growth. Campbell, Priest, and Hunter (2001) have
shown that changes in defocus as small as 0.125 D can
interact with the eyes higher order aberrations to pro-
vide directional cues in the eyes point spread function.
Wilson, Decker, and Roorda (2002) have also shown
that even-order aberrations can provide an odd-error
cue to focus direction. The changes in higher order aber-
rations that we measured in this study will interact with
the accommodation response (i.e. defocus) and pupil re-
sponse to create changes in the retinal image that do
contain directional information, both during and after
reading. But how this information in the retinal image
could trigger eye growth is a matter of further
investigation.
While the risk factors of myopia can be broadly
classed as genetic and environmental factors (Mutti,
Zadnik, & Adams, 1996), there is little evidence for a ge-
netic inﬂuence on astigmatism (Teikari, ODonnell, Ka-
prio, & Koskenvuo, 1989; Teikari & ODonnell, 1989;
Valluri et al., 1999). Yet astigmatism appears to be asso-
ciated with the development and progression of myopia
(Fulton, Hansen, & Petersen, 1982; Goss & Erickson,
1987; Gwiazda, Grice, Held, McLellan, & Thorn,
2000; Ninn-Pedersen, 1996). The exact mechanism of
this relationship is not understood but answers may be
found in environmental rather than genetic causes.
Our myopic subject group included various types of
astigmatic myopes (with-the rule, against-the rule and
oblique) as well as non-astigmatic myopes. While there
was a trend for increased corneal distortions and wave-
front aberrations in myopic subjects showing more than
0.5 D of refractive astigmatism compared with those
showing less or no refractive astigmatism, this trend
was not signiﬁcant. To further investigate whether
refractive astigmatism is associated with lid induced
wavefront aberrations during reading, refractive error
groups based on the magnitude and axis of refractive
astigmatism would have to be investigated.
We want to draw an important distinction between
the status of the visual optics of the eye during near
work in primary gaze and down gaze. The eﬀects of
lid forces on corneal optics appear to have a major inﬂu-
ence on the central optics during down gaze associatedwith reading. This occurs because the lid aperture nar-
rows signiﬁcantly in down gaze. This means that the
ocular aberrations are aﬀected during near work in
down gaze by the combined eﬀects of accommodation
and lid forces, whereas in primary gaze they are primar-
ily aﬀected by accommodation, but not lid forces. There
is substantial evidence that reading and schoolwork are
associated with the development and progression of
myopia (Goss & Rainey, 1998; Kinge & Midelfart,
1999; Parssinen & Lyyra, 1993; Saw et al., 2002; Tan
et al., 2000). It is of interest that there are also examples
of increased myopia rates amongst microscopists
(Adams & McBrien, 1992; McBrien & Adams, 1997)
and textile workers (Goldschmidt, 2003) where the occu-
pational tasks involve limited accommodation, but re-
quire substantial down gaze.
The good level of agreement between the reading-in-
duced changes in wavefront measured by the videokera-
toscope and the wavefront sensor allows a high degree
of conﬁdence in the accuracy of the correlation between
ocular, internal and corneal higher order wavefronts in
this study. Inaccuracy in the measurement of either the
corneal or total wavefront will cause an apparent com-
pensation of the corneal wavefront by the internal wave-
front. In this circumstance, the compensation would be
an artefact of the measurement error, but in this exper-
iment we have a very similar change in both corneal and
total ocular wavefronts as a form of validation of our
methods.
We found a partial compensation of astigmatism,
spherical aberration and higher order wavefront aberra-
tions of the cornea by internal optics of the eye. A num-
ber of studies have previously reported such balancing
of aberrations by ocular components (Artal, Guirao,
Berrio, & Williams, 2001; Barbero, Marcos, & Mer-
ayo-Lloves, 2002; Mrochen, Jankov, Bueeler, & Seiler,
2003). This may indicate the existence of an active or
passive compensation mechanism of ocular wavefront
minimisation (Artal et al., 2001; Barbero et al., 2002;
Mrochen et al., 2003).
It is widely believed that emmetropisation is a vision
dependent phenomenon. When emmetropisation fails,
the mechanism or mechanisms underlying myopia devel-
opment have both genetic and environmental compo-
nents. We suggest lid induced corneal changes caused
by reading in downgaze provides a theoretical frame-
work that could explain these known features of myopia
development. The changes in the corneal wavefront
caused by reading in downgaze change the optical char-
acteristics of the eye and thereby change the retinal
image quality. These changes are signiﬁcantly greater
in progressing myopes than emmetropes and appear to
be due to a narrower lid aperture during reading. Myo-
pes could therefore be more susceptible to lid induced
changes in the ocular wavefront during reading in down
gaze. This susceptibility would be enhanced by longer
1310 T. Buehren et al. / Vision Research 45 (2005) 1297–1312periods spent reading, larger pupils and low light levels.
The inherited characteristics for facial and lid anatomy
would provide a mechanism for a genetic component
in the genesis of myopia.References
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